Introduction
Following the discovery of the first analog of penicillin by A. Fleming (1929) , the -lactam antibiotics are still a developing group of chemotherapeutics and are used in treatment of majority of diseases with bacterial etiology. -lactam antibiotics have a broad spectrum of antibacterial activity, favourable pharmacokinetic parameters and low side effects. Inlactam therapy two main problems are still current. The increasing resistance of some bacterial strains which implicates necessity to combine the therapy with inhibitors oflactamases and other chemotherapeutics. The second problem of therapy of -lactam antibiotics is their significant instability [1] [2] [3] . The analogs from that group are easily degraded in aqueous solutions and in solid state. They are a special group of drugs because parallel to losing the antibacterial efficiency, the strong allergic properties can also appear as a results of their degradation. Therefore in terms of quality control, the stability of -lactam antibiotics in solutions was widely studied. The evaluation of stability concerned also the studies of their metabolites and intravenous solutions after preparations of pharmaceutical dosage forms. Moreover, the evaluation of concentration changes during storage of substance in solid state was also conducted. As problem of the instability of some -lactam analogs has been solved their oral administration is possible. An intake of oral formulations is connected with appearance of excipients, which can influence rate of degradation and cause formation of different degradation products.
The common element of chemical structure of all -lactam antibiotics is five-memberedlactam ring. Currently, higher significance in treatment have derivatives in which thelactam ring is fused to:  thiazolidine ring in penam analogs,  2,3-dihydro-2H-1,3-tiazine ring in cephem analogs,  2,3-dihydro-1H-pyrrole in carbapenem analogs,  2,3-dihydrotiazole in penem analogs (Fig .1 ).
These connections implicate the different intra-ring stress. The presence of sulphur atom and/or double bonds influence on length of bond and intra-molecular angle in molecule of -lactam analog. Finally for some derivatives, the differences in stability are noticeable. Additionally, the factor distinguishing a stability of derivatives of -lactam analogs are www.intechopen.com chemical structures of substituents at C2, C3, C5, C6, and C7. The amount and type of degradation products of -lactam antibiotics often depend on affecting factors (solvents, concentration of substance and hydrogen ions, temperature). Moreover, most of thelactam antibiotics obtained by chemical synthesis or fermentation contain impurities being remnants of the process. In the development of analytical methods for the determination of -lactam antibiotics, selectivity is a fundamental validation parameter. A reliable, selective method is expected to allow separation and determination of parental substance in the presence of related ones. Current International Conference on Harmonization (ICH) guidelines require the development of analytical methods permitting analysis in the presence of related products (Q1A-R2) [4] . These requirements are restrictions but also challenges during the development of analytical methods for the determination of -lactam antibiotics. The problem of the overlapping of the "background" originating from related products (impurities, degradation products and metabolites) and/or the presence of other active substances in a sample (inhibitors of -lactamases, other drugs) was solved during the determination of -lactam antibiotics by using chromatographic techniques (highperformance liquid chromatography, thin layer chromatography). On the other hand, search of new solutions and analytical methods, especially being in accordance with the "green chemistry" concept, is very important and up-to-date. Analytical methods based on determination of spectrophotometric properties of -lactam analogs are a developing tools in their analysis. Non-destructive investigations of -lactam analogs, did not producing residues, were reported in fields of many spectrophotometric methods. A few methods of determination of -lactam analogs were developed by using infrared spectrophotometry enriched by chemometric procedures [5] [6] . Most of all analytical methods for the determination of -lactam analogs were developed in range of visible and ultraviolet radiations. Desired, selective signals were possible to obtain by application of following techniques:
 as spectrophotometric methods  direct spectrophotometry  direct spectrophotometry enriched by chemometric procedures  derivative spetrophotometry  derivative spectrotometry enriched by chemometric procedures  as visible spectrophotometric methods  measurement of absorption of species being a result of reaction between analyte and derivatizating reagent  measurement of absorption of species being a result of reaction between degradation products of analyte and derivatizating reagent (Table 1) .
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Spectrophotometric methods for determination of β-lactam antibiotics
Direct spectrophotometry
Spectra of -lactam antibiotics recorded by using direct spectrophotometry do not have desired selectivity due to the presence of related products. A comparison of sharp zeroorder spectra and/or value of absorption maxima for some -lactam analogs with ones obtained for CRS (chemical reference substance) is recommended by pharmacopeias for an their identification [7] . Lack of desired absorbing species in chemical structure of penam analog often do not allow to apply direct spectrophotometry even for qualitative studies of substance of high purity.
Paradoxically, the significant instability of analogs can sometimes solve this problem due to formation of degradation products that can absorb ultraviolet radiation permitting determination of parental substance.
Significant susceptibility of -lactam analogs to degradation in basic medium was reported during analysis of cephem analogs. It was confirmed that formation of piperazine-2,5-dione derivative, peak at 340 nm, was possible via intra-molecular nucleophilic attack of the primary amine from the side chain on -lactam ring (pH = 11 was required) (Fig. 2) The degradation products of cefactor -piperazine-2,5-dione derivative.
The spectrum of piperazine-2,5-dione derivative of cefaclor. Fig. 2 . Chemical structures of degradation products of cefaclor (1.0 mmol/l) formed at pH 11.0 and its spectrum [8] .
The degradation of penam analogs in acidic conditions was also a base for spectrophotometric determination. As it is shown in Fig. 3 , different pathways of degradation (including enzymatic one) can lead to obtaining absorbing species in the range of ultraviolet radiation. As a results of chemical degradation of penam analog in acidic conditions, the penicilloic acid, penillic acid and penicillenic acid are formed and absorb the ultraviolet radiation in the range 320-360 nm, respectively [9] . While during the enzymatic degradation under the influence of penicillin acylase, D-4-hydroxyphenylglycine (D-HPhG) and 6-aminopenicillanic acid are formed. Then the D-HPhG was catalyzed by Dphenylglycine aminotransferase to form L-glutamate and hydroxybenzoylformate which strongly absorb UV light at 335 nm [10] . 
Direct spectrophotometry enriched by chemometric procedures
The other way of improving the selectivity of direct spectrophotometry for the determination of -lactam antibiotics is the enrichment of data analysis by chemometric procedures. A literature review revealed the application of the following determinations of -lactam antibiotics enriched by chemometric procedures that solved the problem of spectral overlap without additional separation techniques at the stage of sample preparation, were used:  a separation of analog of cephem in the presence of impurities originating from synthesis (e.g., cephalexin in the presence of 7-aminocephalosporanic acid and acid-induced degradation products) using H-point standard additions method (HPSAM) [11]  determination of analog of penam in the presence of other drugs (e.g., amoxicillin in the presence of diclofenac) using partial least squares (PLS) regression analysis [12]  determination of analog of cephem in the presence of alkali-induced degradation products using full spectrum quantitation (FSQ) (e.g., cefotaxime, ceftazidine, ceftiaxome, in the presence of degradation products) [13] .
Each chemometric method relies on different tools of regression analysis of multicomponent system permitting simultaneous determination of two or more components.
The determination of -lactam analyte in the presence of known and unknown inferences was possible by the application of HPSAM procedure, where analyte concentration is calculated from the following equation: In PLS technique, analytical sensibility was defined as =
where SEN k = ‖b k ‖ , σ r is a value estimated from standard deviation of blank samples, b k value is a vector of the regression coefficient for the k analytes and k is a number of components in a mixture.
The FSQ technique during a determination of -lactam antibiotics applies Fourier preprocessing of the entire absorption spectra of the individual -lactam analogs with their degradation products at variable concentration to calculate matrix calibration coefficients.
Derivative spectrophotometry
A derivative spectrophotometry using derivatives of absorbance with respect to wavelength (first =f λ)', second =f λ ; third =f λ ; respectively) is a suitable tool for overcoming the overlapping spectra problem in analysis of many -lactam analogs. Possibility of application of derivative spectrophotometry with zero-crossing point is widely used in analysis of all -lactam analogs. The direct correlation between order of used derivative spectrophotometry and similarities of chemical structures of nuclei of -lactam analogs has not been observed, e.g., both second-derivative and first-derivative were developed for cephem analogs including the same nuclei (Fig. 4 ).
First-derivative spectrum of cefprozil (1 mg%) in 0.1 M HCl.
Second-derivative spectrum of cefepime (20 µg/ml) in water. The application of derivative spectrophotometry for determination of -lactam antibiotics was used in the following areas: [19] .
The separation of often structurally very similar species (e.g., two analogs of cephem, cephem analog and its impurities from synthesis or carbapenem analog and its degradation products) was possible by using derivative spectrophotometry (Fig. 5) .
It was proved that the derivative spectrophotometry can be recommended as a method for routine control analysis of pharmaceutical preparation of -lactam antibiotics. Derivative spectrophotometry ensured the rapid analysis of parenteral dosage forms and also removed a "background" excipients in oral pharmaceutical dosage forms.
The special potency of derivative spectrophotometry was possibility of its usage in determination of -lactam analogs in biological matrix. In this case, to meet the requirements of analytical methods, the selectivity had to be extended in regard with interference of biological endogenous components. It was noticed that the selective determination of penam/cephem/carbapenem in the presence of metabolites (open-ring degradation product) and endogenous substance of urine was possible to achieve.
Chemical structures of components of mixture Derivative spectra
The . Separation of some -lactam analogs using derivative spectra [18, [20] [21] .
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Derivative spectrophotometry enriched by chemometric procedures
The application of chemometric procedures coupled with derivative spectroscopy permits achievement of higher selectivity in determination of -lactam antibiotics. Currently, chemometric procedures based on the estimated ratio of spectra derivative for the selective determination of -lactam analogs are the most common. It was proved that the application of the ratio of different-order spectra derivatives permitted the separation of binary and tertiary mixtures of -lactam antibiotics [22] . During the determination of concentrations of three components (e.g., penicillin-G sodium, penicillin-G procain and dihydrostreptomycin sulphate salts) in a mixture the equation describing the ratio spectra derivative spetrophotometry is as follows: 
Equation 3 is drawn:
Finally, after the next derivation J (as the left side of equation 3), is proportional to the C c value and can be used to determine concentration of component in the ternary mixture (when , and , are fixed) [23] .
Depending on chemometric procedure, the selective determination of following analogs was possible:
 a separation and determination of carbapenem and degradant (e.g., the determination of ertapenem and its degradant) when the substraction technique was used [24-25]  a separation and determination of penam and cephem analogs (e.g., the determination of penicillin-G, penicillin-G procain in the presence of dihydrostreptomycin sulphate salts or the determination of cefotaxime and cefadroxil), cephem analog and inhibitor of -lactamases (e.g., the determination of cephradine and clavulanic acid) and carbapenem analog and degradation products (e.g., the determination of meropenem and its degradant) when ratio spectra of derivative with all orders were used [26] [27] [28] [29]  a separation and determination of carbapenem and degradation products (e.g., the determination of ertapenem) when the substraction technique was used [30]  a separation and determination of carbapenem and degradation products (e.g., the determination of ertapenem) when the Kraise's method was used [31]  a separation and determination of penam analogs (e.g., the determination of ampicillin and flucloxacillin) when multivariate methods (classical least squares and principle component regression) were used.
First order derivative ratio spectra of dicloxacillin sodium 50.0-400.0 mg/l using of 68.47 µg/ml ampicillin sodium as a divisor [26] First order derivative ratio spectra of meropenem 4.0-60.0 µg/l using of 32 µg/ml degradate as a divisor [29] Fig. 6. The application of ratio spectra of derivative spectrophotometry in analysis oflactam antibiotics.
Visible spectrophotometric methods for determination of β-lactam antibiotics
The -lactam analogs itselfs do not absorb in visible region of radiation. However, many visible spectrophotometric methods were developed for the determination of -lactam antibiotics using the effect of formation of "species" giving signals in visible region as the result of chemical derivatization (Fig. 7) .
Absorption spectra of amoxicillin trihydrate (a) 30 µg/ml; (b) after reaction with Fe (III) [31] Above-mentioned methods were described only for the determination of penam and cephem analogs. The species, absorbing visible radiation, used in analysis of -lactam analogs were formed as a result of the following reactions:
 redox  complexation of metals  complexation on the base of charge-tranfer process  formation of ion pairs  coupling with specified reagents.
Visible spectrophotometric methods based on redox reactions
The methods based on the selective oxidation were reported for penam and cephem analogs containing phenolic substitutes at C6 and C7, respectively. These methods permitted also selective determination of -lactam analogs in the presence of excipients being in their pharmaceutical preparations. The application of oxidation properties of iron ions was used in analysis of a huge number of -lactam analogs:
 when, as the result of direct reaction with Fe(III) in acidic medium, yellow coloured products (λ max = 397 nm) were produced (cefoperazone sodium, cefadroxil monohydrate, cefprozil anhydrous, amoxicillin trihydrate). A possible mechanism of reaction is presented in Fig. 8 [32] .  when, as the result of indirect reaction, red complex Fe-(o-phen) 2/3 (λ max = 510 nm) was produced. This complex is formed between o-phenanthroline and Fe(II) which previously was reduced from Fe(III) as the result of oxidation of -lactam analogs in alkali medium [33] .
The reduction of oxidized quercetin by cephem analogs was used in development of visible spectrophotmetric method for determination of -lactam analogs. Quercetin is a flavonol (3,5,7,3',4'-pentahydroxyflavone) which is oxidized by N-bromosuccinimide giving reddish green colour (λ max = 510 nm). As the result of reduction of oxidized form of quercetin by cephem analog fade colour was observed (Fig. 9 ). This colour is the result of formation of oquinone derivative of quercetin under the mild oxidants [34] . Also, another reagent which is able to oxidize some sulphur atoms present in compounds such as cefotaxime and cefuroxime, is 1-chlorobenzotiazol. As the result of reaction of cephem analogs and 1-chlorobenzotiazol, a product with yellow colour is formed, absorbing radiation at λ max = 298 nm. The suggested possible reaction pathways and absorption spectra are shown in Figure 10 [35] . The schemes of reaction between cefotaxime sodium and 1-chlorobenzotiazol Fig. 10 . The mechanism of reaction of cephem analog and 1-chlorobenzotiazol [35] .
In indirect spectrophotometry, redox properties of iodine were used in determination of penam analog (amplicillin, penicillin V, amoxicillin, cloxacillin) and cephem analogs (cefadroxil, ceftezoxime). The method based on formation of hypoiodite, from excess of iodine (which did not react with -lactam analog) under alkaline conditions. Hypoiodite reduced the intensity of wool fast blue colour (5,9-dianilo-7-phenyl 4,10-disulphbenzo[ ]phenazinium hydroxide) by disruption of phenazine chromophore [36] .
Especially, for cefadoxil many visible spectrophotometric methods based on redox reactions were proposed (Fig. 11 ). These methods were based on the reaction with different oxidizing reagents: 
Visible spectrophotometric methods based on formation of complex with metal
The formation of colored complexes as a consequence of the interactions between metal ions and analytes (penam and cephem analogs) resulted from:  a direct reaction between -lactam analogs and metal ions  a reaction between the degradation products of -lactam analogs and metal ions.
Direct complexation of β-lactam analogs and metal ions with formation of yellowish-brown chelate complex was possible due to the presence of suphur atoms in the β-lactam ring and the thiazole ring. Cephem analogs (cefpodoxime, ceftizoxime, ceftazidime, ceftiaxone and cefixime) gave with palladium(II) ions, absorbing complex, in the presence of sodium lauryl sulphate as surfactant, in the range 300-500 nm [42] . Β-lactam analogs containing the phenolic ring with free ortho position to the hydroxyl group (amoxicillin trihydrate, cefperazone sodium, cefadroxil monohydrate, cefprozil anhydrous) reacted with nitrous acid forming the nitroso derivatives. They were capable of tautometric interconversions to form colored complex in the presence of copper(II) ions (Fig. 12) . The stoichiometric ratios (nitroso derivative to copper(II)) were determined by the Job's method 2:1 [43] . 
Visible spectrophotometric methods based on formation of charge-transfer complex
Some drugs, including penam and cephem analogs, are electron donors. Therefore, they form charge-transfer complexes with compounds that are σ-and π-accepptors of electrons. The wavelengths at which the absorption maxima of charge-transfer complexes of -lactam antibiotics were measured depended on what of reagent was used the acceptor:  p-chloranilic acid gives coloured complex species at 520-529 nm during analysis of cefotaxime sodium, cefuroxime sodium, ceftazidime pentahydrate, cephalexin monohydrate, cefotaxime sodium, cephradine, cephaloridine sodium, cefoperazone sodium (ratio 1:1); cephalotin sodium, cefixime, cefprozil anhydrous, cefazolin sodium, cephapirin (ratio 1:2); cefaclor (ratio 1: 
Visible spectrophotometric methods based on formation of ion pair
In visible spetrophotometric analysis of penam and cephem analogs, their ability to form ion-pair was also used. The penam analogs contacting the tertiary amine group (ampicillin, dicloxacillin, flucloxacillin, amoxicillin) and Mo(V)-thiocyanate binary complex in hydrochloric acid give coloured ion-pair formation absorbing at λ = 467 nm (Fig. 14) [48]. Some cephem analogs (cephaprin sodium, cefuroxime sodium, cefotaxime sodium, cefoperazone sodium, cefadroxil, ceftazidime, cefazolin sodium and cefaclor) can be determined spectrophotometrically based on formation of ion-pair complex with ammonium reinecekate. In acidic medium at 25 ± 2 o C, as the reaction products, the complex, absorbing at 525 nm, was formed according to the scheme [49] :
Visible spectrophotometric methods based on coupling with specified reagents
The analysis of phenolic derivatives of penam and cephem analogs were possible by measurement of absorption species formed as a result of reations with specified reagents.
Diazo coupling of -lactam analogs was conducted with the following compounds:
 benzocaine in thrietylamine medium for determination of cefadroxil and amoxicillin. Stoichiometric ratio of formed species was 1:1 with peaking at λ=455 nm and λ=442 nm, respectively [50] .  electron-deficient polinitro derivatives for determination of amoxicillin, cefoperazone, cefadroxil, cefprozil. Complexes of the Meisenheimer type were formed [51] .
Suggested mechanisms of coupling reaction of phenol derivative of -lactam analogs were presented in Fig. 15 . For determination of phenolic derivative of -lactam analog (cefadroxil) measurement of absorption of formed product in the reaction between it and 4-aminoantipyrine in the presence of alkaline potassium hexacyanoferrate(III) at 510 nm was also proposed (Fig. 16 ). Potassium hexacyanoferrate(III), being oxidant in this reaction, yielding N-substituted quinine imines and in the result was responsible for formation of red-colored antipyrine dye. Additionally, a sequential injection analysis (SIA) spectrophotometric procedure for the determination was reported [52] .
1,2-naphthoquinone-4-sulfonic acid is the reagent permitting the nucleophilic substitution reaction in area of amino group of penem (amoxicillin) and cephem (cephalexin) analogs (Fig. 17) . The stoichiometric ratio of these species was 1:1 and they absorb at λ = 463 nm [53] .
The extension of the methodology for determination of cephalexin by using the H-point standard additions method (HPSAM) and the generalized H-point standard additions methods (GHPSAM) (after solid phase extraction cartridges) permitted also its analysis in urine [53] .
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Visible spectrophotometric methods based on degradation products of β-lactam analogs
The significant instability of -lactam analogs was also exploited in the spectrophotometrical determination of -lactam analogs in the visible region.
As the intermediate stages of determination, depending on the affecting factors, the following were present:  degradation products typical of an acidic environment  degradation products characteristic of a basic environment.
The formation of degradation products of -lactam analogs in conditions of a basic hydrolysis was also the first stage during development of visible spectrophotometric methods. As the result of reactivity of degradation products formed in basic medium with some reagents, the determination of the following -lactam analogs was possible:
 cephem analogs (cefadroxil, cefotaxime), when coupling factor were N,N-diethyl-pphenylenediamine sulfate and Fe(III) (λ = 670 nm) or p-phenylenediamine dihydrochloride and Fe(III) (λ = 597 nm) [54]  cephem analogs (cefotaxime, ceftriaxone, cefradine) when reducing factor was potassium iodate (required acidic medium) and a result of the reaction was colour change of leuco crystal violet under the influence of formed iodine (λ = 588 nm) [55]  cephem analogs (cefotaxime sodium) when coupling factor was 1,10-phenanthroline and ferric chloride (λ = 520 nm) [56]  penam analogs (amoxicillin, ampicillin) and cephem analogs (cephalexin, cephradine) when reducing factor of formed hydrolyzed products was J 2 (required acidic medium) (λ = 460 nm) [57] .
The significant expansion of possibilities for the developed analytical method was the usage of flow injection analysis (FIA).
Similarly, in the case of determination of penam analysis during acidic hydrolysis (1.0 M HCl), formation of non-absorbing degradation products was the intermediate stage of their analysis. Complex which is necessary for achievement of spectrophotometric signals, was formed between penicillamine and palladium(II) chloride, peak at 334 nm (Fig. 18) Absorption spectrum of the reaction product of palladium(II) chloride with hydrolysis product of ampicillin.
The proposal ot hte reaction pathway between the hydrolysed penicillins na palladium(II) Fig. 18 . Absorption spectra based on reaction of degradation products of penam analogs and palladium (II) and suggested mechanism of the reaction [58] .
In conditions of acidic hydrolysis, determination of cephem analogs took place. Vanadium(IV) after reduction from vanadium(V), reacted with forming degradation products. Colored complexes of some cephem analogs (cephalexin, cephaprine sodium, cefazolin sodium, cefotaxime) were found, absorbing at 515, 512, 518 and 523 nm, respectively (Fig. 19) [59] Absorption spectra of the red coloured products of 20 µg/ml of cephalexin (1), cephaprine sodium (2), cefazolin sodium (3) and cefotaxime (4) using 5 ml 0.1% vanadophosphoric acid in 2M H2SO4. 
Conclusion
Spectrophotometric determinations of drugs in Vis-UV region are ones from simpler and cheaper methods used in quantitative pharmaceutical analysis. The key problem in application of these methods in analysis of multicomponents mixture is achievement of desired selectivity. Above-mentioned procedures shown that using various methods of chemical derivatization (significant for analysis in Vis region) or ones based on mathematical extends (significant for analysis in UV region) the selective determination of such labile drug as -lactam antibiotics was possible. Taking into consideration variability of stability of some -lactam analogs (in the presence of impurities, degradation products, inhibitors of -lactamases, excipients and other drugs) and pathways of their degradation, confirmation of selectivity of method and values of other validation parameters for each analogs is required. It is important that analytical method used as alternative, referential one should not use spectrophotometric properties of compound as the base of detection. Recently, the development of chemometric procedures, as the complementary method for spectrophotometric ones, is often supported by suitable, high level software and equipment of apparatus allowing to assume that analysis based on calculated algorithms meet all validation criteria and can replace these methods which require pre-treatment of samples. Moreover, these methods permit multiple determination of the same sample and can be used in routine control analysis of intravenous pharmaceutical dosage forms. Additionally, proposed conditions of determination using spectrophotometric methods are in accordance with all criteria identified as the trends of "green chemistry". A enrichment of visible spectrophotometric methods by the application of FIA and SIA permit accept of challenges of modern industrial-scale pharmaceutical analysis [60] . It can be expected that spectrophotometric methods enriched by chemometric procedures will become an important field of pharmaceutical analysis including also labile drugs.
Acknowledgment
The authors thank the State Committee for Scientific Research, Poland, for project N N405 683040.
